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Occurrence of hormones in water resources even at low concentrations of ng/L is a potential 15 
risk for both environmental and public health. Hybrid sorbent-ultrafiltration (UF) systems are 16 
among the technologies under investigation for their potential as a sustainable and energy-17 
efficient process for the removal of hormones from water. In this study polystyrene (PS) 18 
nanoparticles were explored as sorbent in a hybrid system. Estrone adsorption capacity of 52 19 
nm PS nanoparticles was found to be 79.6 ng/g at equilibrium estrone concentration of 5.9 20 
ng/L. The performance of the hybrid PS nanoparticle-UF system was studied in terms of 21 
adsorption and membrane permeability under varying solution pH, particle size and particle 22 
concentration. The results indicated that neutral pH range is optimal for operation of the 23 
system and estrone removal with nanoparticles above 465 nm is negligible. The highest 24 
estrone removal (40%) was achieved by the hybrid system using a 100 kDa UF membrane 25 
and 84 mg/L PS (52 nm) nanoparticle concentration. The capacity of the system to remove 26 
estrone was found to be lower than most nanofiltration/reverse osmosis (NF/RO) systems but 27 
with a final permeability of 75 L/m2hbar, at least five times higher than most of the NF/RO 28 
systems.  29 
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1 Introduction 33 
Hormones, both naturally secreted by human and animal bodies and synthetic, are known to 34 
be one of the most dangerous trace contaminant groups as they have high potential to disrupt 35 
the endocrine activities of living organisms [1]. The excreted or disposed hormones end up 36 
either in wastewater treatment plants (WWTPs) or directly in surface waters [2]. Current 37 
WWTPs are not able to remove hormones from water adquately [3] resulting in detected 38 
concentrations up to 275 ng/L in WWTP effluents [3-10], 195 ng/L in surface waters [11-13] 39 
and 120 ng/L in ground waters [14]. 40 
Even at such low concentrations, hormones can interfere with the endocrine regulatory 41 
systems of many living organisms causing disorders such as feminization of male fish [15-42 
18] and increased risk of cancer in humans [19, 20] Synthetic and natural estrogens are 43 
suggested to be regulated as they are known as the most potent estrogenic compounds, 44 
however not regulation on the discharge is enforced as yet [21]. A recent rise in public 45 
awareness resulted in more studies conducted to explor  efficient treatment processes for 46 
removing endocrine disrupting compounds from water [22].  47 
While evaluating effective technologies, low energy equirement should be kept as one of the 48 
criteria considering that energy resources are becoming scarcer every day. The technologies 49 
showing promising results for the removal of hormones are advanced oxidation/ozonation 50 
processes (AOPs) [22, 23] and nanofiltration/reverse osmosis (NF/RO) [24-26]. Nevertheless, 51 
NF/RO systems have high energy requirement ~1 kWh/m3 [27] whereas AOPs are 52 
susceptible to formation of toxic by-products [28-31]  which contribute to residual estrogenic 53 
activity in the treated water [32, 33]. The removal of hormone with NF/RO systems varies 54 
between 8% and 99% [24, 26, 34, 35] depending on the membrane and hormone 55 
characteristics as well as the operational parameters, while the permeate hormone 56 
concentration varies between <1 ng/L and 883 ng/L [24, 26, 34, 35] depending on the 57 
removal efficiency and the feed hormone concentration. 58 
Recently, hybrid activated carbon-low pressure membrane systems were investigated as an 59 
alternative technology [36-38]. The energy requirement of looser membrane systems such as 60 
ultrafiltration is 0.1-0.2 kWh/m3 [39, 40], an order of magnitude less than the ~1 kWh/m3 61 
required for NF/RO systems [27]. Although activated carbon seems to be an efficient sorbent 62 
for hormones [41-44] the thermal regeneration required can be highly energy consuming 63 
[45]. Due to the relatively easy regeneration characteristics and the availability of 64 
functionalisation methods, polymeric sorbents are often indicated as potentially better 65 
candidates than activated carbon [46]. High sorption of hormones on non-polymeric 66 
nanomaterials has been reported recently [47-49] showing high potential for water treatment 67 
applications [50] and has been attributed to their large surface area. Nano size polymer 68 
sorbents can be a promising compromise for hormone removal combining high surface area 69 
with functionalisation and easy regeneration. Effectiv  sorption of steroid hormones on resins 70 
made of cross-linked polystyrene divinylbenzene (PS-DVB) has been reported [51]. 71 
In this study, a hybrid polystyrene (PS) nanoparticle-UF system was studied for the removal 72 
of hormones from water. PS nanoparticles were employed, firstly because they provide a 73 
large surface area due to their nano-size and, secondly, because they can easily be 74 
manufactured in different sizes and functionalized. Moreover, non-porous and chemically 75 
resistant PS particles would enable easy regeneration of the materials. Treatment with organic 76 
solvents, bases or acids, steam, supercritical fluids or microwave radiation are among the 77 
methods used for the regeneration of the spent polymeric sorbents [46]. Hormone sorption 78 
capacity of the plain PS nanoparticles at environmental hormone concentrations has not been 79 
studied before and such a study can give an indication on the mechanisms underlying 80 
sorption on nanoparticles and where to act to improve the system performance. 81 
This work aims to investigate the fundamental design parameters of the hybrid PS 82 
nanoparticle-UF system and evaluate the performance in omparison to NF/RO technologies 83 
in terms of hormone removal and membrane permeability. One of the major limitations in UF 84 
is fouling which results in deterioration in membrane performance. The system performance 85 
was studied with changing: particle size, particle oncentration, solution pH and molecular 86 
weight cut off (MWCO) of the UF membrane. All of these parameters can potentially 87 
influence both hormone adsorption onto the particles and membrane permeability.  88 
2 Materials and Methodology 89 
2.1 Solution Chemistry and Hormones 90 
Analytical grade chemicals and ultra-pure water (conductivity: 18.2 mS/cm) obtained by 91 
PuraLab Ultra (Elga LabWater, UK) were used to prepa  the solutions. The pH of the 92 
solutions was adjusted with 1M HCl and 1M NaOH (Fisher, UK). Nanoparticle 93 
characterisation and experiments were conducted in background electrolyte solution of 1 mM 94 
NaHCO3 and 20 mM NaCl (Fisher, UK).  95 
Estrone (E1) (MW: 270.4 g/L [52]) solutions were pre ared using tritium labelled [2, 4, 6, 7-96 
3H] estrone (2.449 TBq/mmol with a radioactive activity of 37 MBq/mL (Perkin Elmer, UK). 97 
Non-labelled estrone (≥ 98% purity) (Sigma Aldrich, UK) was used together with the tritium 98 
labelled estrone where needed for preparing the solutions with concentrations ≥500 ng/L. The 99 
radioactivity of estrone was measured in disintegration per minute (dpm) with a Beckman LS 100 
6500 scintillation counter (Fullerton, USA) after mixing 0.5 mL of sample with 3.5 mL of 101 
Ultima Gold LLT (Perkin Elmer, UK) in 20 mL scintillation vials (Perkin Elmer, UK). Each 102 
sample was measured three times, each for a duration of 10 minutes, and the average value was 103 
reported. The instrument was calibrated each time a n w hormone stock solution was prepared. 104 
2.2 Nanoparticle Characterization 105 
Plain (52, 81, 465 and 3000 nm) and fluorescent (43 nm) PS nanoparticles (Polysciences Inc., 106 
Germany) were used. Prior to experiments and instrumental analysis, the nanoparticle solutions 107 
were sonicated for 5-10 seconds with 150 W ultrasonic cleaner (Sonic Wave, UK) to break any 108 
possible aggregates. 109 
The effective diameter and zeta potential measurement of the nanoparticles were determined 110 
by 90Plus/BI-MAS Particle Size and Zeta Plus (Brookhaven Instruments, New York, USA), 111 
respectively, by taking the mean of 10 measurements. Prior to the measurements, the samples 112 
were allowed to equilibrate at the temperature of the sample holder in the instrument for at 113 
least five minutes. Concentrations of ~0.60 % v/v for 43 nm, 52 and 81 nm and 0.15 % v/v 114 
for 465 and 3000 nm size were used for the zeta potential measurements of PS nanoparticles. 115 
The size and the surface charge of the particles ar presented in Table 1. Particle sizes 116 
provided by the manufacturer were used in the analysis as the values were confirmed by the 117 
measurement conducted with particle size analyser and scanning electron microscopy (SEM). 118 
The microscope images of 52, 81 and 465 nm particles onfirm that the particles are 119 
spherical, uniform and have a narrow size distribution as can be seen in the Supporting 120 
Information Figure S-1. Zeta potential values show that the absolute surface charge of the 121 
particles with larger size (465 and 3000 nm) is higher compared to 43, 52 and 81 nm 122 
particles. Higher zeta potential for larger PS particles was also reported by Elimelech [53] 123 
and was attributed to the higher surface charge density [54]. 124 




52±7.9 81±10 465±11 3000±65 
Diameterb (nm) 49.1±2.5 49.0±2.5 71.8±3.7 469.8±23.9 − 
Diameterc (nm) − 49.4±9.8 73.3±17.7 476.1±17.9 − 
Zeta Potentialb (mV) -62.7±8.0 -52.2±6.7 -64.1±8.2 -106.7±13.7 -92.9±11.9 
a
 according to the manufacturer, b measured in 20 mM NaCl and 1 mM NaHCO3 with size 126 
analyser, c size obtained from SEM images 127 
Constant zeta potential values for 52 nm particles, presented in Supporting Information 128 
Figure S-2, imply that solution pH between 3 and 12 does not influence the surface charge of 129 
the particles agreeing well with other studies [53, 54]. 130 
2.3 Membranes 131 
PL series UF membranes (Millipore, US) made of a regen rated cellulose active layer on a 132 
polypropylene support were used in the experiments. Regenerated cellulose membrane was 133 
selected due to its known minimal hormone sorption [55]. Prior to use, the membrane 134 
coupons were soaked in 0.1 M NaOH (Fisher, UK) solution for 30 minutes to remove the 135 
glycerine preservative present on the surface. Afterwards they were rinsed with plenty of tap 136 
water followed by 2.5 L of ultra-pure water. Prior to the filtration experiments, the 137 
membranes were compacted for 30 minutes and the pure water flux of the membrane was 138 
determined over the following hour.  139 
The membrane characteristics and the operational conditi ns for the permeation tests are 140 
presented in Table 2.  141 


















kDa Nm Nm Bar L/m2.h L/m2.h.bar 1/m 
1 1.59 2.64 5 22±4 4 8.27E+13 
3 2.84 4.37 5 39±5 8 4.69E+13 
5 3.72 5.53 5 56±9 11 3.24E+13 
10 5.37 7.61 5 109±9 22 1.68E+13 
30 9.62 12.6 1 326±19 326 1.07E+12 
100 18.2 21.9 0.5 433±55 865 4.30E+11 
a estimated after Worch [56, 57], b estimated after Crittenden et al. [58]  c calculated with 143 
Equation 4 using average operation temperature (21 °C),  144 
The MWCO of the membranes were chosen in order to have no size exclusion for E1 with an 145 
equivalent molecular width of 0.76 nm [52] and no penetration of the particles in the 146 
membranes as the smallest particle size (43±5.9 nm) is at least two times larger than the 147 
largest average pore size (Table 2). 148 
2.4 Batch Adsorption Protocol 149 
PS nanoparticles were added to 100 mL of pH adjusted estrone solutions and the solutions 150 
were mixed for an hour at 200 rpm at 20 ºC in a Certomat BS-1 orbital shaker (Sartorius, 151 
Germany). The adsorption equilibrium for PS particles was reached within 50 minutes as 152 
determined in the preliminary studies (see Supporting Information Figure S-3). The solution 153 
was then subjected to ultra-centrifugation for four hours at 686700 m/s2 (70,000xG) and 20 ºC 154 
in 16 mL polycarbonate centrifuge bottles (Beckman Coulter, UK).  155 
Concentration of the fluorescence-labelled nanoparticles in solution was determined by 156 
measuring the peak ultraviolet absorbance at 444 nm for the yellow green dye using a Cary 157 
100 Scan ultra-violet visible spectrophotometer (Palo Alto, USA). By varying centrifugation 158 
time and measuring absorbance in the supernatant solution, it was determined that four hours 159 
ensured that >95% nanoparticles settled. The absorbance was measured at different 160 
fluorescent PS concentrations after centrifugation for four hours and a correlation curve was 161 
obtained between the PS particle concentration (mg/L) and the YG dye absorbance.  162 
E1 concentrations in initial and supernatant samples w re analysed in order to determine the 163 
amount of hormone adsorbed. 164 
2.5 Stirred Cells and Filtration Protocol 165 
The dead end filtration experiments were conducted using stainless steel stirred cells with a 166 
cell volume of 990 mL and a membrane holder with a membrane surface area of 0.0033 m2 167 
exposed to the solution. The cells contained a magnetic stirrer assembly (Millipore, UK) and 168 
were operated at 300 rpm placed on a magnetic stirrer (Fisher Scientific, UK). The permeate 169 
from each cell was collected in a beaker placed on an electronic balance (Fisher Scientific, 170 
Loughborough, UK) and the mass of the permeate was monitored continuously. The cells 171 
contained a pressure transducer (PX209-300G5V) and a thermocouple (TJ2-CPSS-M6OU-172 
200-SB) which were connected to a data acquisition system (OMB-DAQ-56), all purchased 173 
from Omega Engineering (UK). The data from the acquisition system and the balance were 174 
transferred to a computer and processed using LabVIEW 8.0 software (National Instruments, 175 
UK).  176 
PS nanoparticles at varying concentrations were mixed nto 100 mL ultra-pure water and the 177 
solution was filtered completely until all the particles were deposited on the membrane 178 
surface. Following the deposition, the ultra-pure water flux of the membrane with 179 
nanoparticle deposit was recorded for an hour. For all the membrane filtration experiments, 180 
450 mL of 100 ng/L E1 feed solution was filtered and 8 samples of 50 mL permeate were 181 
collected until 50 mL of concentrate sample was left in the cell. E1 concentration in feed, 182 
permeate and the concentrate samples were analysed. M mbrane sorption (blank) 183 
experiments were performed using the same protocol without nanoparticle deposition. 184 
2.6 Nanoparticle Deposit Characterization 185 
The membranes with nanoparticle deposit layers were preserved in a petri dish on a wet 186 
cotton tissue to prevent the membranes and the deposit fr m drying out. Imaging of the 187 
particle deposit was conducted using Supra 40V scanning electron microscopy (SEM) (Carl 188 
Zeiss, UK) with a beam voltage of 1 kV and a freeze drying unit (Quorum Technologies, 189 
UK). Three square pieces of membrane, each with the size of about 5 to 5 mm, were cut with 190 
a spatula from different locations of the membrane coupon with deposited nanoparticles. All 191 
three pieces were placed between two silicon plates t the same time and the silicon plates 192 
were clamped perpendicular to a sample holder in order to image the cross sections. The 193 
sample holder was connected to a transfer rod and was immersed in liquid nitrogen for about 194 
half a minute until the temperature on the holder was between -80 and -100 °C. The holder 195 
was then closed and transferred to the freeze drying unit without any contact to the air. In the 196 
freeze drying unit, the samples were allowed to dry at low temperature under vacuum (~2.67 197 
Pa) for about 2.5 hours. When the samples were warmed up to 3-5 °C, the samples were 198 
transferred into the imaging chamber and imaged without coating. The thicknesses of the 199 
nanoparticle deposit layers were determined from the SEM images using the program Image 200 
J_1.40. 201 
2.7 Data Analysis 202 
For the batch experiments, E1 mass adsorbed, ma s (ng) on PS nanoparticles was calculated 203 
with a simple mass balance (Equation 1) where Vi is the initial volume (L) of the solution, Ci 204 
and Cs are the initial and supernatant E1 concentrations (ng/L) respectively, and mtube is the 205 
mass adsorbed onto the centrifuge tube. 206 
tubeiSiads mVCCm −−= )(  1 
mtube for each experiment was determined by conducting batch experiments without 207 
nanoparticles  in the centrifuge tube. 208 
For the filtration experiments, E1 mass adsorbed, Mads (ng) on PS nanoparticles was 209 
calculated with Equation 2 where Vf, VP and Vc are the volume (L) of feed, permeate and 210 
concentrate, respectively, Cf, CPi and Cc are the E1 concentration (ng/L) of feed, sample 211 
permeate and concentrate, respectively, mmem is the E1 mass adsorbed on the membrane, and i 212 






              2 
mmem was determined with blank experiments, where no nanop rticles were added to the 214 
system. 215 
The nanoparticle surface area available (SAPS) was calculated using Equation 3 where cf is the 216 
particle feed concentration (g/L) in the cell, ρp is the PS particle density provided by the 217 
manufacturer (1.05 g/cm3) and dp is the particles diameter (cm). cf and Vf were replaced by xf 218 
and Vi, respectively for the surface area calculations of batch adsorption experiments, where xf 219 








=    3 
Deposit resistance of the nanoparticles (Rd) (1/m) was determined with ultra-pure water 221 
filtration and calculated using Equation 4, where J is the water flux (L/m2.h), Lv is the water 222 
permeability (L/m2.h.bar), ∆P is the hydrostatic pressure difference (bar), µ is the dynamic 223 
viscosity (converted into bar.h) of water at the experimental temperature (21±2 °C), and Rm is 224 
the membrane resistance (1/m). Rm was calculated by using the flux data obtained from the 225 
experiments without particle deposition and Equation 4 [59]. The experimental flux for the 226 
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According to deposit (cake) filtration theory, Rd can be calculated with Equation 5 [59-61] 228 
where δ is the deposit thickness (m) and δ  is the maximum deposit thickness (m). In this 229 
study, an average porosity (ε) was calculated by using Rd determined experimentally, 230 
replacing dp with the average nanoparticle diameter provided by the manufacturer and δ with 231 














The deposit thickness (δ) determined using SEM images was compared to the deposit 233 
thickness value calculated with Equation 6, where Md is the mass of particles in the deposit 234 
(g), ρp is the density of the nanoparticle (g/m3), Am is the membrane surface area (m2) and ε is 235 
assumed as 0.4 (randomly packed deposit porosity) based on Carman-Kozeny calculations 236 
[59]. 237 







Md was calculated using Equation 7, where cf, cp, cc are the concentrations of the nanoparticles 238 
in the feed, permeate and the concentrate respectively (g/L) and Vd is the volume of the particle 239 
deposit on the membrane surface. For the filtration experiments, cc was assumed to be 240 
negligible ( 0≈cc ) since all the particles were deposited on the membrane before the solution 241 
filtration. Negligible cc was confirmed by measuring the nanoparticle concentration in the 242 
concentrate using a portable turbidity meter TN-100 (Eutech Instruments, USA). 243 
)( dccppffd VVcVcVcM −−−=  7 
In each data series for sorption and permeability, a single experimental data point was 244 
repeated at least three times and the variability was estimated by taking the largest difference 245 
among individual experimental data and the mean value.  246 
3 Results 247 
3.1 E1 Adsorption Capacity of PS Nanoparticles 248 
Prior to studying the hormone adsorption in the proposed hybrid PS nanoparticle-UF system, 249 
E1 sorption on PS nanoparticles was studied with bach experiments in order to understand 250 
the limitations on the adsorption. E1 adsorption isotherms for particles at pH 7, 9 and 12 are 251 
shown in Figure 1. 252 
 253 
Figure 1 E1 adsorption isotherms of PS nanoparticles at pH 7, 9 and 12 on a logarithmic 254 
scale (right) and a linear scale (left). All batch experiments were performed with 16 mg/L PS 255 
(52nm) particle concentration, E1 solution with 1 mM NaHCO3 and 20 mM NaCl 256 
background electrolyte 257 
The adsorption capacity increased almost linearly with the equilibrium E1 concentration at 258 
solution pH 7 and 9. This linearity indicated that the active sites of the particles did not reach 259 
saturation within the E1 equilibrium concentration ra ge of 50-5000 ng/L, hence the surface 260 
area was not a limiting factor for the studied E1 concentration range at 16 mg/L particle 261 
concentration. The linear isotherm is given in Equation 8 where Q is the E1 mass adsorbed on 262 
nanoparticles per particle surface area (ng/cm2), Ce is the equilibrium E1 concentration and k 263 
is the adsorption constant (1.22x10-5 L/cm2) obtained from the linear fit to the experimental 264 
data obtained at pH 7 (Figure 1) on a non-logarithmic scale. 265 
ekCQ =  8 
At equilibrium concentration of 5.9 ng/L, the E1 adsorption capacity of 52 nm PS particles is 266 
79.6 ng/g (7.20x10-5 ng/cm2) which is higher than the estradiol sorption capacity of granular 267 
activated carbon reported in the literature as 47 ng/g (5.22x10-6 ng/cm2) [41] indicating that 268 
PS nanoparticles are more efficient than activated carbon. The adsorption capacity is 269 
comparable at pH 7 and 9 (Figure 1) while a decline was observed as the solution pH was 270 
increased to 12. When the solution pH increases above the pKa of E1 (10.23), neutral E1 271 
dissociates and becomes negatively charged explaining the hindered adsorption at pH 12 due 272 
to the repulsion between the negatively charged E1 and PS particles. 273 
Hydrophobic interactions are considered to play a big role in the E1 adsorption due to the 274 
hydrophobicity of the PS particles. On the other hand, at an equilibrium hormone 275 
concentration of 100 ng/L various resins made of PS-DVB have up to two orders of 276 
magnitude higher sorption capacity for estradiol (150 µg/g) [51] than the capacity of plain PS 277 
for E1 (1.35 µg/g). PS-DVB, a polystyrene crosslinked with divinylbenzene, is a hydrophobic 278 
polymer. The hydrophobicity of the PS-DVB varies depending on the degree of crosslinking 279 
[62], and the hydrophobicity of the internal and external surface area can be different [63]. It 280 
is likely that enhanced hydrophobicity and porosity due to the crosslinking of the PS particles 281 
can result in more hydrophobic interaction with thehormone molecules. Moreover, the π-π 282 
interactions can also contribute to the adsorption on crosslinked PS [64]. 283 
3.2 The Influence of PS Nanoparticle Size on E1 Adsorption and UF Permeability 284 
E1 adsorption and UF permeability as a function of PS particle size are displayed in Figure 2. 285 
A trade-off between the adsorption and permeability is observed. Figure 2A shows that as 286 
expected, E1 mass adsorbed decreased with the increase in particle size forming the deposit 287 
due to the lower surface area available. At the same particle concentration, the smaller 288 
particle sizes (below 465 nm) provided larger amounts of active sites for the E1. For the 289 
particles larger than 465 nm, the surface area available became so small that E1 adsorption 290 
was negligible. In order to check whether or not the linear sorption isotherm obtained during 291 
the batch adsorption experiments apply also to the filtration experiment data, E1 mass 292 
adsorbed was estimated based on the linear isotherm (Equation 8) using the equilibrium E1 293 
concentrations obtained in the filtration experiments. The estimated results, given in Figure 294 
2A, agree with most of the data except for the smallest (52 nm) PS particles at 50 mg/L. 295 
Under this particular condition, the experimental results lie outside the expected trend with a 296 
small difference compared to that observed for 81 nm particles. The reason for this is not 297 
completely understood. The available surface area for 52 nm PS particles at 50 mg/L was the 298 
largest in the series and the estimated E1 mass adsorbed based on the linear sorption isotherm 299 
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Figure 2 The influence of particle size on A) E1 adsorbed an B) permeability: filtration 302 
experiments with 52, 81, 465 and 3000 nm particles, 17 and 50 mg/L PS particle 303 
concentration, 100 ng/L E1 solution with 1 mM NaHCO3 and 20 mM NaCl background 304 
electrolyte, pH 7. Carman-Kozeny model with the assumption, deposit porosity is 0.4 305 
(independent of particle size). Estimation based on the sorption isotherm obtained with the 306 
batch experiments and the experimental equilibrium E1 concentration  307 
The permeability declined as the size of the particles forming the deposit decreased for both 308 
30 and 100 kDa membranes as shown in Figure 2B. Permeability data for 3, 5 and 10 kDa are 309 
not presented as no change was observed with these smaller MWCO membranes. The decline 310 
in permeability of 30 and 100 kDa membranes can be explained by the increased deposit 311 
resistance. The calculated deposit resistance for different particle size is presented in Figure 312 
3. The results show that the deposits formed on 30 and 100 kDa membranes exert similar 313 
resistances, as the differences between them are within experimental error. The higher 314 
permeability decline for the 100 kDa membrane compared to the 30 kDa one (Figure 2B) can 315 
be attributed to the intrinsic membrane resistance that is an order of magnitude smaller for the 316 
100 kDa membrane (Table 2). As can be seen in Equation 4, the overall resistance is the sum 317 
of Rm and Rd and inversely proportional to the permeability; henc  the change in permeability 318 
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Figure 3 Deposit resistance with changing PS particle size: filtration experiments, 52, 81, 321 
465 and 3000 nm particles, 17 mg/L PS concentration, 100 ng/L E1 solution with 1 mM 322 
NaHCO3 and 20 mM NaCl background electrolye, pH 7. Carman-Kozeny calculations 323 
assumptions, porosity is 0.4 (randomly packed deposit), 100% particle mass retention (7.1 324 
mg), homogenous and constant deposit thickness 325 
Using the best fit line to the resistance data in Figure 3, an empirical relationship is obtained 326 
between the particle size forming the deposit and the resistance applied by the deposit. The 327 
relationship is found to be a simplified version of the Carman-Kozeny equation (Equation 5) 328 
and is formulated into Equation 9, where Rd is deposit resistance (1/m), a and b are 329 
coefficients and dp is the particle diameter (nm). Coefficients a and b are obtained from the 330 






R =  9 
Coefficient a can be expressed as in Equation 10, where it is dependent on the deposit 332 





21180 −=a  
  
10 
In the Carman-Kozeny equation, the deposit resistance is inversely proportional to the square 334 
of the particle size (dp2). Experimentally, however, the coefficient b which represents the 335 
power of particle size was found to be 1.36. The fact that this is substantially less than 2.0 336 
indicates that the experimental data do not agree with the Carman-Kozeny in this respect. 337 
Deposit resistance estimated by the Carman-Kozeny equation tends to underestimate the 338 
contribution of larger particles and overestimate th effect of smaller particles which agrees 339 
with the literature [65]. Lee and Clark [65] suggest that one possible reason for the 340 
overestimation of the specific deposit resistance for smaller particles is the increased porosity 341 
of the deposit thickness due to the aggregation of the smaller particles and formation of larger 342 
primary particles. However, in this study, the measured zeta potential values of 52 nm 343 
particles (Table 1) indicate that the particles are stable and do not tend to aggregate. The 344 
second reason stated by Lee and Clark [65] is the increase in the volume occupied by the 345 
double-layer of the smaller particles, hence porosity, due to their larger surface area as the 346 
particle size decreases. This second reason is more likely to explain the over and 347 
underestimation of the deposit resistance in this study. 348 
3.3 The Influence of PS Nanoparticle Concentration on E1 Adsorption and UF Permeability 349 
Figure 4A shows that E1 mass adsorbed is not dependnt on the MWCO of the UF membrane 350 
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Figure 4 The effect of PS concentration on; A) E1 mass adsorbed and B) permeability of 353 
different MWCO UF membranes: filtration experiments, 1.7, 8.4, 17, 34 and 84 mg/L PS (52 354 
nm) concentration, 100 ng/L E1 concentration with 1 mM NaHCO3 and 20 mM NaCl 355 
background electrolyte, pH 7. Estimation based on the sorption isotherm obtained with the 356 
batch experiments and the experimental equilibrium E1 concentration 357 
The E1 mass adsorbed achieved in the membrane filtration system at varying particle 358 
concentration was compared with the E1 mass adsorbed estimated with the linear isotherm 359 
(Equation 8) based on the equilibrium E1 concentrations of the filtration experiments. The 360 
filtration results agree well with the estimation based on the linear isotherm only up to 361 
particle concentration of 17 mg/L, above which the isotherm seems to overestimate the E1 362 
mass adsorbed in the filtration system. This overestimation is likely due to the differences in 363 
the dynamics of the batch and the filtration systems. 364 
In order to understand the kinetics of the E1 adsorption in the system better, the change in the 365 
permeate E1 concentration was studied for each MWCO membrane with different initial 366 
particle concentrations. When the E1 permeate concentration for each MWCO is plotted 367 
against time (Figure 5), it is observed that the sorpti n equilibrium with different membranes 368 
is reached at different times. However, it has to be noted that, in a dead-end filtration system, 369 
PS cell concentration increases with time and the rat  of increase depends on the MWCO of 370 
the membrane. Each MWCO membrane has a different flow rate, thus the system reaches the 371 
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Figure 5 Permeate (P) E1 concentration change as a function of time (left) and with respect 377 
to PS concentration in the cell (right) with different initial PS (52 nm) concentration: 8.4 378 
mg/L (A), 16.8 mg/L (B), 33.5 mg/L (C) and 84 mg/L (D): filtration experiments, 100 ng/L 379 
E1 concentration with 1 mM NaHCO3 and 20 mM NaCl background electrolyte, pH 7 380 
PS cell concentration is calculated for each sampling time and the E1 permeate concentration 381 
is re-plotted against this parameter. It is then observed for all membranes studied that 382 
adsorption equilibrium is reached at the same PS cell concentration. Furthermore, the specific 383 
PS cell concentration at which adsorption equilibrium is reached increases with the initial PS 384 
concentration. Unlike in the batch system, variation in PS nanoparticle and E1 concentration 385 
in the cell due to the nature of filtration, alters the adsorption and desorption equilibrium. 386 
Nghiem [66] stated that the increase in the recovery of the water in dead end filtration 387 
systems resulted in an increase in the release of the hormones from the NF membrane. 388 
Hormone concentrations in the permeate were thus increased due to the concentration build 389 
up at the membrane surface and ineffective back diffusion. In this study, the deposit layer 390 
formed by PS particles acts as another membrane layer on top of the UF and the high 391 
concentration of the E1 on the deposit layer due to the adsorption can cause a similar 392 
increased release effect to the permeate. As can be seen in Figure 5, after the initial decline, 393 
E1 permeate concentration starts to increase until it reaches the equilibrium. The increase in 394 
E1 permeate concentration can possibly be attributed to the release of the hormones from the 395 
particles, increased concentration at the membrane surface and diffusion to the permeate side 396 
as the E1 mass adsorbed increases in the PS layer.  397 
Results, presented in Figure 4B, show that the permeability declines for 30 and 100 kDa 398 
membranes as the PS concentration increases due to th increase in the deposit resistance. A 399 
linear relationship between the feed mass of the particles and the deposit resistance for both 400 
30 and 100 kDa membranes confirmed the cake filtration theory.  401 
In order to fully understand the reason behind the increase in deposit resistance, the thickness 402 
of the deposit on 100 kDa membrane at three different initial PS concentrations was imaged 403 
with SEM; some of the images are presented in Supporting Information Figure S-4. The 404 
measured average thickness and the specific deposit resistance values are given in Figure 6. 405 
The linear increase of the thickness values and the constant specific deposit resistance values 406 
confirm that the increase in the deposit resistance is clearly due to the increased deposit 407 
thickness. Based on the measured thickness values, porosity was calculated as 0.53±0.08, 408 
0.48±0.06 and 0.46±0.06 for each initial particle con entrations of 8.4, 17 and 34 mg/L, 409 
respectively. The calculated values show that the deposit porosity does not depend on the 410 
initial particle concentration at constant applied pressure indicating that the cake is not 411 
compressible. This is consistent with the hypothesis of Lee and Clark [65].  412 
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Figure 6 The change in specific deposit resistance and deposit thickness with feed PS 414 
concentration on 100 kDa membrane: filtration experim nts, 8.4, 17 and 34 mg/L PS (52 nm) 415 
concentration 416 
3.4 The Influence of Solution pH on E1 Adsorption and UF Permeability 417 
The influence of solution pH on E1 adsorption and membrane permeability is presented in 418 
Figure 7A and 7B respectively. E1 adsorption is lower on PS nanoparticles at solution pH 419 
above 10 due to electrostatic repulsion between the deprotonated E1 (pKa:10.3 for E1) and 420 
the negatively charged PS particles. The results agree well with the results of the batch 421 
adsorption experiments conducted only with PS nanoprticles at varying pH (Figure 1). 422 
As it can be seen in Figure 7B, the deposit resistance does not change with changing pH 423 



















































































Figure 7 The influence of pH on: A) E1 mass adsorbed for 3 and 100 kDa B) Permeability 426 
and deposit resistance for 100 kDa. Filtration experim nts: 17 mg/L PS (52 nm) 427 
concentration, 3 and 100 kDa, 100 ng/L E1 solution with 1 mM NaHCO3 and 20 mM NaCl 428 
background electrolyte, pH 7 429 
As the surface charge of the PS nanoparticles remains the same within the pH range, the 430 
interaction behaviour of the particles is not expected to change. The isoelectric point for the 431 
100 kDa membrane is between pH 3 and 4. The surface charge of the membrane decreases 432 
from -12.5 to -20 mV as the pH increases from 5 to 10 respectively. The repulsion between the 433 
particles and the membrane might increase as the pH increases and fewer particles may 434 
accumulate in the deposit; however, this is not observed in this study. Permeability and deposit 435 
resistance data for 3 kDa membranes are not presented as no change was observed with such a 436 
small MWCO membrane. 437 
4 Conclusions 438 
The hybrid PS nanoparticle-UF system achieved a E1 removal capacity of 40% and a final 439 
permeability of 75 L/m2hbar when operated with 100 ng/L initial E1 concentration and 84 440 
mg/L PS (52 nm) nanoparticle concentration. E1 removal f 40% is comparable to some but 441 
lower than most of the NF/RO systems but the permeability is at least five times higher than 442 
for most of the NF/RO systems. Although the estrone removal capacity of the hybrid system 443 
with 100 kDa MWCO membrane was the same as the onesbtained with other MWCO 444 
membranes, 100 kDa membrane provided the highest permeability with the deposited PS 445 
nanoparticles, hence is recommended for further research. 446 
Solution pH does not play a role on E1 sorption or UF permeability as long as it is below the 447 
pKa values of the hormones. The permeability of the 100 kDa membrane with 52 nm particles 448 
deposit is not influenced by pH due to the stable particle surface characteristic. Considering 449 
that some NF and RO systems can remove E1 up to 99 %, a feasible and competitive hybrid 450 
technology can only be achieved by employing nanoparticles with higher sorption affinity. 451 
Surface functionalized PS nanoparticles can provide the required high sorption affinity and are 452 
recommended for further research. It is also recommended that the most feasible regeneration 453 
method is selected and optimized in order to design the hybrid system effectively. 454 
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Figure S-2. Zeta potential of PS particle in background electrolyte solution of 1 mM NaHCO3 and 20 
mM NaCl with varying pH, line represents the mean of the zeta potential values. 
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Figure S-3. The kinetics of the E1 sorption on PS nanoparticles in stirred cell: static stirred cell 
experiment with 52 nm PS particles, 100 ng/L E1 with 1 mM NaHCO3 and 20 mM NaCl background 






















Figure S-4 Deposit thickness of 52 nm PS particles on 100 kDa UF membrane A) at 8.4 mg/L PS 
concentration B) at 16.8 mg/L PS concentration C)  33.5 mg/L PS concentration 
 















mg/L L/m2.h L/m2.h L/m2.h L/m2.h 
1.7 19 48 334 374 
8.4 22 42 219 277 
17 20 48 179 189 
34 24 43 150 94 
84 20 46 90 40 








nm L/m2.h L/m2.h   
52 179 189   
81 257 169   
465 335 376   
3000 331 385   
     
pH 
Experimental 
Flux (100kDa)  
  
 L/m2.h    
5 134    
7 189    
11.7 142    
 















kDa mg/L  nm ng/L ng/L % 
100 84 7 52 101 59 41.7 
5 50 7 52 101 67 33.7 
3 17 9 52 103 89 13.6 
a data for a single experiment; for the figures averag  values of the repeated experiments were 
used. 
 
